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Abstract
Background: Genetic maps based on single-nucleotide polymorphisms (SNP) are increasingly
being used as an alternative to microsatellite maps. This study compares linkage results for both
types of maps for a neurophysiology phenotype and for an alcohol dependence phenotype. Our
analysis used two SNP maps on the Illumina and Affymetrix platforms. We also considered the
effect of high linkage disequilibrium (LD) in regions near the linkage peaks by analysing a "sparse"
SNP map obtained by dropping some markers in high LD with other markers in those regions.
Results: The neurophysiology phenotype at the main linkage peak near 130 MB gave LOD scores
of 2.76, 2.53, 3.22, and 2.68 for the microsatellite, Affymetrix, Illumina, and Illumina-sparse maps,
respectively. The alcohol dependence phenotype at the main linkage peak near 101 MB gave LOD
scores of 3.09, 3.69, 4.08, and 4.11 for the microsatellite, Affymetrix, Illumina, and Illumina-sparse
maps, respectively.
Conclusion: The linkage results were stronger overall for SNPs than for microsatellites for both
phenotypes. However, LOD scores may be artificially elevated in regions of high LD. Our analysis
indicates that appropriately thinning a SNP map in regions of high LD should give more accurate
LOD scores. These results suggest that SNPs can be an efficient substitute for microsatellites for
linkage analysis of both quantitative and qualitative phenotypes.
Background
Microsatellites are commonly used as markers for linkage
analysis. More recently, single-nucleotide polymorphisms
(SNPs) have been increasingly used as genotyping mark-
ers due in part to lower cost and ease of use. This study
compares SNP marker linkage results for qualitative and
quantitative phenotypes to the corresponding microsatel-
lite results. For this study we focused on chromosome 7,
an area shown to have linkage and association for both
alcohol dependence, a qualitative trait, and a neurophys-
iologic measure, a quantitative trait [1-4]. For the neuro-
physiologic measure, evidence of linkage and association
has been demonstrated for chromosome 7 [2]. Alcohol
dependence was examined by Foroud et al. [1] for evi-
dence of linkage relative to two populations. The results of
that study indicate evidence of linkage only on chromo-
some 7 for the samples both individually and combined.
Because the Genetic Analysis Workshop 14 (GAW14)
from Genetic Analysis Workshop 14: Microsatellite and single-nucleotide polymorphism
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population is a mixture of these two samples, we restricted
our analyses to chromosome 7.
Methods
Sample
The GAW14 population data consisted of phenotypic and
genotypic information for 1,614 individuals in 143 pedi-
grees. Because of a significant difference in the allele fre-
quencies for African Americans and Caucasians in this
population, our analyses were restricted to the larger Cau-
casian subpopulation of 1,214 individuals in 112 pedi-
grees [5].
Analyses
For the alcohol dependence phenotype an individual was
defined as affected by DSM-III-R alcohol dependence and
Feighner definite alcoholism. For this phenotype, an
affected sibling pair method was used using GENE-
HUNTER, where only individuals who are affected are
analyzed, though unaffected individuals can contribute
information regarding IBD sharing. We used the n-1 sib
pair method with the proband being matched to all other
affected siblings. This strategy was chosen because the
proband is generally more severely affected and more
likely represents a "true" case.
We used a new version of GENEHUNTER [6], which has
recently been released to deal with SNP markers. Even
with these recent enhancements, the complete Affymetrix
map with 578 markers on chromosome 7 still surpassed
the memory capacity of our systems. We therefore con-
structed three separate maps consisting of the first 289
markers, the last 289 markers and 289 markers from the
middle of chromosome 7. The composite map consisted
of the first two-thirds of the first set, the middle two-thirds
of the middle set and the last two-thirds of the last set.
This ensures that all markers in the composite map have
at least some multipoint support from flanking markers.
Once the chromosome was divided, the data files could be
loaded. Some of the large pedigrees created prohibitive
computational time requirements. We set the MAXBITS =
16 option in GENEHUNTER to allow it to automatically
remove individuals from the pedigrees to reduce the large
pedigrees to manageable form. In almost every case only
unaffecteds were trimmed.
The neurophysiology phenotype was the target case fron-
tal theta band [2], denoted ttth1 in the GAW14 data. The
linkage analysis was carried out using SOLAR [7]. We
screened for age and sex covariates; only age was signifi-
cant (p = 2 × 10-14).
Multipoint IBD matrices were computed at 1-cM intervals
using LOKI and output into SOLAR format. Two-point
identity-by-descent (IBD) values were computed using
SOLAR.
It was found by Hinrichs et al. [8] that a subset of the Illu-
mina map obtained by removing markers in high linkage
disequilibrium (LD) with nearby markers provided nearly
as much information as the full map and more informa-
tion than the microsatellite map. In view of this, we also
ran the linkage analysis using this sparser map. The
marker densities for the four maps were: microsatellites, 1
per 6.03 cM; Affymetrix, 1 SNP per 0.31 cM; Illumina, 1
SNP per 0.68 cM; and sparse Illumina, 1 SNP per 1.10 cM.
Although genetic maps were provided and were used for
IBD computations and linkage analyses, chromosome
lengths for microsatellites, Affymetrix SNPs, and Illumina
SNPs were different (187 cM, 178 cM, and 185 cM) and
therefore markers were adjusted to their physical locations
for the purpose of plotting and ease of comparison. All
findings were then placed on a common map defined by
the physical map obtained from the NCBI database (Build
34.3).
Results
In the present analyses, linkage results were stronger over-
all for SNPs than for microsatellites. We found higher
LOD scores and more narrowly defined linkage peaks
with SNPs for both the quantitative and qualitative phe-
notypes (Figures 1 and 2). For the neurophysiology phe-
notype at the main linkage peak near 130 MB, the
Illumina and Affymetrix markers produced LOD scores of
3.22 and 2.53, respectively, and the microsatellite markers
gave a LOD score of 2.76. Using the sparse Illumina map
the LOD score was 2.68. For the alcohol dependence phe-
notype at the linkage peak near 101 MB, the Illumina and
Affymetrix markers gave LOD scores of 4.08 and 3.69,
Multipoint linkage analyses for the neurophysiology pheno- type Figure 1
Multipoint linkage analyses for the neurophysiology pheno-
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while the microsatellite markers had a LOD score of 3.09.
The sparse Illumina map gave a LOD score of 4.11.
In order to interpret our linkage results, we compared the
dense and sparse Illumina maps near the two linkage
peaks. There were 19 markers within 5 MB of the peak
near 130 MB and 7 of these were dropped for the sparse
map. There were 17 markers within 5 MB of the peak near
101 MB and 2 of these were dropped for the sparse map.
We also performed a two-point analysis for the neuro-
physiology phenotype at the linkage peak near 130 MB.
The Illumina SNPs produced a LOD score of 1.65 and the
microsatellite markers gave a LOD score of 2.32.
Discussion
These analyses provide a comparison of the use of micro-
satellite and SNP markers in linkage analysis for quantita-
tive and qualitative phenotypes. For both phenotypes
linkage results were stronger overall for SNPs than for
microsatellites. Does this represent a true or a false
increase in the evidence of linkage? The SNP maps have
higher information content than microsatellite maps [8],
and this may contribute to the higher LOD scores. How-
ever, there is also substantial pair-wise LD throughout the
chromosome. Ignoring this and treating each SNP as an
isolated marker may erroneously elevate sharing esti-
mates. For the alcohol dependence phenotype, the LOD
scores obtained using the dense and sparse Illumina maps
were virtually the same, indicating that these scores were
not artificially elevated by the LD near this location (only
2 of 17 markers were dropped for the sparse map). For the
neurophysiology phenotype, the LOD scores using the
microsatellite, Affymetrix, and sparse Illumina maps were
nearly the same. The dense Illumina map gave a margin-
ally higher LOD score, and this may reasonably be attrib-
uted to high LD in this region (7 of 19 markers were
dropped for the sparse map). Although the LOD scores
varied more with the quantitative trait than with the qual-
itative trait for the two Illumina maps, this may be due
more to LD in the region than to the different trait types.
These results indicate that a sparse map as constructed in
[8] can carry sufficient information for linkage.
As one expects, the two-point analysis of the neurophysi-
ology phenotype gave lower linkage signals than the
multipoint analysis with a much greater difference evident
with SNPs than with microsatellites. Such differences are
often exaggerated in regions of high LD. In addition, it is
known that single-point analysis with SNPs has substan-
tially lower information than with microsatellites. In this
case we believe that the differing linkage results are more
due to reduced information in the SNPs than to LD in the
region.
There was also some difference in LOD scores between the
Affymetrix and Illumina SNPs, with the Illumina SNPs
giving higher scores at the main linkage peaks in these
analyses. These differences may be due to the differing
number of SNPs typed and their distribution on the chro-
mosome. Though the overall information content for the
Illumina and Affymetrix maps were similar, by chance it
appears that the information content is lower in the
Affymetrix map at these linkage peaks.
Conclusion
Our results indicate that SNPs can perform as well as or
better than microsatellites for linkage analysis. In con-
junction with the results of [8], it seems wise to thin a SNP
map in regions of high LD to avoid artificially high LOD
scores. Overall, our analyses suggest that SNPs are an effi-
cient substitute for microsatellites for linkage analysis of
both quantitative and qualitative phenotypes.
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Multipoint linkage analyses for the alcohol dependence phe-
notype.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Genetics 2005, 6:S122
Page 4 of 4
(page number not for citation purposes)
References
1. Foroud T, Edenberg HJ, Goate A, Rice J, Flury L, Koller DL, Bierut LJ,
Conneally PM, Nurnberger JI, Bucholz KK, LI TK, Hesselbrock V,
Crowe R, Schuckit M, Porjesz B, Begleiter H, Reich T: Alcoholism
susceptibility loci: confirmation studies in a replicate sample
and further mapping.  Alcohol Clin Exp Res 2000, 24:933-945.
2. Jones KA, Porjesz B, Almasy L, Bierut L, Goate A, Wang JC, Dick DM,
Hinrichs A, Kwon J, Rice JP, Rohrbaugh J, Stock H, Wu W, Bauer LO,
Chorlian DB, Crowe RR, Edenberg HJ, Foroud T, Hesselbrock V,
Kuperman S, Nurnberger J, O'Connor SJ, Schuckit MA, Stimus AT,
Tischfield JA, Reich T, Begleiter H: Linkage and linkage disequilib-
rium of evoked EEG oscillations with CHRM2 receptor gene
polymorphisms: implications for human brain dynamics and
cognition.  Int J Psychophysiol 2004, 53:75-90.
3. Reich T, Edenberg HJ, Goate A, Williams JT, Rice JP, Van Eerdewegh
P, Foroud T, Hesselbrock V, Schuckit MA, Bucholz K, Porjesz B, Li
TK, Conneally PM, Nurnberger JI Jr, Tischfield JA, Crowe RR, Clon-
inger CR, Wu W, Shears S, Carr K, Crose C, Willig C, Begleiter H:
Genome-wide search for genes affecting the risk for alcohol
dependence.  Am J Med 1998, 81:207-215.
4. Wang JC, Hinrichs AL, Stock H, Budde J, Allen R, Bertelsen S, Kwon
JM, Wu W, Dick DM, Rice J, Jones K, Nurnberger JI Jr, Tischfield J,
Porjesz B, Edenberg HJ, Hesselbrock V, Crowe R, Schuckit M,
Begleiter H, Reich T, Goate AM, Bierut LJ: Evidence of common
and specific genetic effects: association of the muscarinic
acetylcholine receptor M2 (CHRM2) gene with alcohol
dependence and major depressive syndrome.  Hum Mol Genet
2004, 13:1903-1911.
5. Kauwe JSK, Bertelsen S, Bierut LJ, Dunn G, Hinrichs AL, Jin CH, Sua-
rez BK: The efficacy of short tandem repeat polymorphisms
versus single-nucleotide polymorphisms for resolving popu-
lation structure.  BMC Genet 2005, 6(Suppl 1):S84.
6. Kruglyak L, Daly MJ, Reeve-Daly MP, Lander ES: Parametric and
nonparametric linkage analysis: a unified multipoint
approach.  Am J Hum Genet 1996, 58:1347-1363.
7. Almasy L, Blangero J: Multipoint quantitative trait linkage anal-
ysis in general pedigrees.  Am J Hum Genet 1998, 62:1198-1211.
8. Hinrichs AL, Bertelsen S, Bierut LJ, Dunn G, Jin CH, Kauwe JSK, Sua-
rez BK: Multipoint identity-by-descent computations for sin-
gle-point polymorphism and microsatellite maps.  BMC Genet
2005, 6(Suppl 1):S34.